During final approach and entry, descent, and landing (EDL), the Mars Exploration Rover (MER) Navigation team was tasked with the real-time detection based on one-way Doppler data of the following events for MER-A and MER-B: transition from the cruise stage medium-gain antenna to the cruise stage low-gain antenna, turn-to-entry attitude, venting of the heat rejection system (HRS), cruise stage separation, atmospheric deceleration, and parachute deployment. In addition, an attempt was made to ascertain, in near real-time, the relative average density of the atmosphere with respect to the nominal predicted density. Detection of each event from the Doppler data was complicated by several factors, including oscillator instability, acceleration, temperature changes caused by cycling of the HRS thermal valve, pressure effects, and Allan variance. These factors resulted in signatures that could not be modeled predictively. Nonetheless, an understanding of the expected Doppler signatures and the distinct Doppler pattern caused by each event enabled their real-time detection. In particular, comparisons between the pre-arrival predicted Doppler signature and the actual signature for each event are described and differences are explained. Finally, the process used to rapidly reconstruct the EDL trajectory and estimate the spacecraft landing location to within 10 km shortly after landing is discussed. 
I. Introduction
URING the final approach and entry, descent, and landing (EDL) phases of both Mars Exploration Rovers (MER), the Navigation (NAV) team was tasked with processing and monitoring the non-coherent X-band one-way Doppler (F1) from the auxiliary oscillator to detect, in real-time, the following events: 1) transition from the cruise stage medium-gain antenna (MGA) to the cruise stage low-gain antenna (LGA) 2) turn-to-entry attitude 3) venting of the heat rejection system (HRS) 4) cruise stage separation 5) atmospheric deceleration 6) parachute deployment (detectable only by loss of lock on the carrier). An attempt was also made to ascertain, in near real-time, the relative density of the atmosphere with respect to the nominal predicted density by analyzing the time at which the one-way Doppler was lost, and by analyzing the signature of both the one-way Doppler and the differenced one-way Doppler (DOD) data. Since the actual atmospheric entry flight path angles were close to the predicted flight path angles, the differences between the observed and actual Doppler signatures during descent were largely due to the atmospheric density being different than that predicted.
Finally, the DOD data and a truncated approach phase data set were processed shortly after landing to rapidly reconstruct EDL. Estimating a coefficient of drag and a data bias and adding additional uncertainty to account for translation due to winds and bouncing on the airbags enabled the NAV team to obtain a coarse estimate of the surface position of each rover before ultra high frequency (UHF) or two-way Doppler (F2) could be obtained from the rovers on the surface.
II. Residual Dispersion Analyses
To gain confidence in the ability to detect the major dynamic events during final approach and EDL, an analysis was performed where Doppler observables that simulated the truth trajectory were constructed from two hours prior to entry until touchdown for the nominal flight path angle and ±3σ flight path angles. These observables were compared to the predicted Doppler signature of a reference trajectory that did not model atmospheric entry. The difference between the truth trajectory and the reference trajectory is called a residual, and for purposes of the residual dispersion analysis, the process whereby residuals were formed is called a pass-through.
A. Timeline
The timing of each event used for the residual dispersion analysis relative to entry is shown in 
B. Expected Doppler Residuals
The switch from the cruise stage MGA to the cruise stage LGA was to be detected by a change from coherent F2 Doppler to non-coherent F1 Doppler using the automated radiometric data visualization and real-time correction (ARDVARC) software. *** Due to a known deficiency in ARDVARC, a bias in the F1 Doppler display was expected, but competing priorities made it impractical to correct this known bug before EDL. The F1 Doppler was periodically monitored during cruise and simulated during operational readiness tests (ORTs); the approximate -4000 Hz bias did not impede detection of any events.
The turn-to-entry attitude was expected to be noticeable by an increase in the amplitude of the Doppler as the Earth aspect angle (EAA) increased. No attempt was made to model the accelerations of HRS venting, because the cooling fluid would be expelled in unpredictable directions by the spinning of the spacecraft. Information obtained from the mechanical engineering team indicated that the lander would experience a translational ΔV of 0.13 m/s (0.60 m/s relative to the cruise stage) as a result of jettisoning the cruise stage, which was expected to be detectable. Furthermore, the antenna would switch from the cruise stage LGA to the backshell LGA; since the backshell LGA had a shorter radial distance from the spin axis of the spacecraft, a lower amplitude spin signature was expected. Atmospheric deceleration was modeled by propagating simulated trajectories from entry interface to initial impact over various flight path angles and varying atmospheric densities. Assuming that the block-V receiver (BVR) did not lose lock on the carrier before parachute deployment, this event was indicated by a loss of lock at or near the time of parachute deployment. Before the attitude control system (ACS) thruster calibration, 1 the atmospheric and spacecraft dynamic errors were comparable. To understand how flight path angle variations of the navigation delivery errors or some unknown error would affect the residuals during EDL, the residuals for ±3σ flight path angle trajectories w e r e normalized to the residuals from a nominal flight path angle trajectory. interface, because the effects of the flight vehicle dispersion have not yet become evident. However, if the atmospheric density profile perfectly matched the predicted density profile, the residuals following atmospheric entry would be noticeably higher than predicted for a 3σ shallow flight path angle, with a peak occurring near the time of maximum deceleration. Similarly, if the atmospheric density profile perfectly matched the predicted density profile, the residuals would be noticeably lower than predicted for a 3σ steep flight path angle. At parachute deploy, the residuals would be over 1 kHz higher than predicted if the flight path angle was 3σ steep. 
C. Characteristics of Doppler Signatures from Auxiliary Oscillator
Prior to launch, tests of the auxiliary oscillators showed that when the oscillator was turned on, a transient occurred over the following 5-10 minutes when the frequency would change by approximately 300 Hz. Following this "turn-on transient" (when the oscillator became warm), tests showed that the frequency drift of temperature changes would be no greater than ±2 kHz, assuming that the initial temperature of the oscillator was 15° C and that the temperature variation was no more than ±5° C. This represented a conservative estimate of the temperature variations prior to and during EDL. Furthermore, ground tests were also conducted whereby the small deep space transponder (SDST) was kept at a constant temperature of 25° C. Following the turn-on transient, the drift over the following 2.5 hours (about the same amount of time as the switch to the cruise stage LGA until parachute deploy) was no greater than ±40 Hz. Other effects, such as pressure changes and Allan variance ζ , had minimal effect on the Doppler drift. 2 When the auxiliary oscillator was turned on during early cruise, a relatively small turn-on transient was seen, and the 30-second oscillations of the spinning of the spacecraft were visible and nearly sinusoidal. . At the beginning of the mission, the valve remained continuously open to the radiator and rejected as much heat as it could to the radiator. As the spacecraft traveled farther from the Sun, the radiator became colder (less absorbed solar load). When the HRS fluid dropped below -7° C, the valve started to cycle and continued to cycle all the way to Mars, thereby causing the six-minute oscillations that are consistent with the temperatures profiles of the SDST. ζ The Allan variance is a measurement of accuracy in clocks. It is defined as one half of the time average over the sum of the squares of the differences between successive readings of the frequency deviation sampled over the sampling period. A low Allan variance is a characteristic of a clock with good stability over the measured period. The transition from F2 Doppler to F1 Doppler was one of the easiest events to detect in real-time. In addition to the obvious change in data type, a large bias in the Doppler display was expected because of previously discussed limitations of the F1 Doppler display on ARDVARC. In simulations, this bias was about -2800 Hz, but the actual bias was about -3000 Hz for MER-A and -8650 Hz for MER-B. Figure 7 shows the observables during the transition from the cruise stage MGA to the cruise stage LGA for MER-A and MER-B, respectively.
B. Turn-to-Entry Attitude
Ideally, the turn-to-entry attitude would have been easily discernable due to the increasing amplitude of the spin signature as a result of the increasing EAA. The observed envelope (twice the amplitude) seen in the Doppler observables can be decomposed as follows:
where A OBS is the observed amplitude, R CLGA is the radial distance from the spin axis of the spacecraft to the cruise stage LGA, EAA is the Earth aspect angle, 30 is the spin period in seconds, and 28.11 is the conversion from Hz to m/s (1 m/s = 28.11 Hz). Knowing the radial distance from the spin axis of the spacecraft to the cruise stage LGA to be 0.220 meters and assuming no errors in the spin rate, the Earth aspect angle was calculated in real-time using Eq. (2), which is a simplification of Eq. (1). 
Figures 8 and 9 show the predicted and observed Doppler signatures during the turn-to-entry attitude for both MER-A and MER-B. Notice that an increase in amplitude was not obvious in the flight data, because the signature caused by the oscillator instability and the cycling of the HRS thermal valve made it difficult to detect any change in amplitude. However, a special feature of ARDVARC was used to compute the amplitude of the spin signature over one or two periods, which allowed the NAV team to estimate the EAA. During the turn-to-entry attitude, the EAA increased from 2.5° to 22.1° for MER-A and from 2.6° to 39.6° for MER-B. 
C. HRS Venting
Prior to cruise stage separation, the coolant in the heat rejection system was deliberately vented to allow a clean separation of the lander from the cruise stage. Since the coolant was vented while the spacecraft was spinning, the small ΔV imparted on the spacecraft by HRS venting could not be modeled predictively. However, the 6-minute oscillations disappeared when the HRS cycling stopped and the oscillator drift became steeper (due to the subsequent change in temperature on the SDST 2,3 ), and provided NAV with an indirect means to detect this event. Figure 10 shows the Doppler data after HRS venting on both MER-A and MER-B.
D. Cruise Stage Separation
Cruise stage separation was characterized by a ΔV and short data outage because of the time required for the backshell LGA to become visible to Earth and the additional time for the Deep Space Network (DSN) to lock onto the carrier. The expected duration of the signal outage was determined by first calculating the minimum separation distance between the lander and the backshell, so that the Earth was visible to the backshell LGA. The minimum separation distance between the lander and backshell can be calculated as follows:
where L BLGA-CS is the radial distance from the backshell LGA to the outer rim of the cruise stage, which was 1.29 m for both spacecraft. At the time of cruise stage separation, the EAA was 22.1° for MER-A and 39.1° for MER-B, so d min was 2.79 m and 1.36 m for the respective spacecraft. The separation system was designed such that the relative velocity between the backshell and the lander was at least 0.6 m/s, so knowing that t = d min /v, the expected loss of signal was calculated to be approximately 4.7 seconds for MER-A and 2.3 seconds for MER-B. The actual data outage lasted 5 seconds for MER-A and 3 seconds for MER-B, while the simulated data outage was more than one minute to account for potential time needed for the DSN to re-acquire lock on the carrier signal.
A transverse ΔV of 0.123 m/s was imparted to the lander during separation and the line-of-sight component of this ΔV was observed as a jump of 3.2 Hz for MER-A and 2.7 Hz for MER-B. Figures 11 and 12 show the predicted and actual Doppler observables during cruise stage separation for both spacecraft.
E. Atmospheric Deceleration
During the approximate 4.1 minutes from entry until parachute deploy, atmospheric deceleration was characterized by a Doppler shift of -138 kHz for MER-A and -120 kHz for MER-B. This event was unmistakable and the large change in Earth-relative speed dominated the second-order effects caused by oscillator instability, acceleration, temperature effects, pressure effects, and Allan variance. Figures 1 and 2 show the predicted Doppler signature due to atmospheric deceleration, and Figure 13 shows the actual Doppler signature due to atmospheric deceleration for both MER-A and MER-B. A loss of lock on the carrier by the BVR 4 at the DSN was expected at parachute deployment and was an indicator that this event had occurred. By determining that loss of lock occurred between the nominal predicted parachute deploy time and the latest time that the backup timer would have deployed the parachute, it was possible to conclude, with high confidence, that parachute deployment occurred. The BVR maintained lock until parachute deployment on both spacecraft and, amazingly, was able to re-acquire lock on the signal after touchdown. The Doppler data in Figures 13-a and 13 -b stop at the time of parachute deployment, and the times at which the data stop agree to telemetry to within less than 1 second, which is less than the count time supportable by ARDVARC.
IV. Rapid Landing Site Determination by EDL Trajectory Estimation
As shown in Figure 13 , during EDL, both spacecraft transmitted a carrier signal to the DSN until the time of parachute deployment. The auxiliary oscillator onboard both spacecraft was not sufficiently stable to make quantitative measurements of the EDL trajectory; however, EDL for both missions occurred over a dual complex overlap (a period when the spacecraft is in view at two DSN complexes). The F1 Doppler would have been of little use to help locate the rover inside the expected landing dispersions, but NAV was able to convert the F1 Doppler generated from separate stations into DOD data. DOD data removes the oscillator drift and other common errors, generates a more accurate measurement than F1 Doppler alone, and provides a plane-of-sky measurement of the spacecraft position and velocity. The DOD data were deemed accurate to 0.0094 Hz (0.33 mm/s), which is not good enough to decrease the OD uncertainty in the initial entry state, but is good enough to constrain the error growth due to a large atmosphere dispersion. Two hours after the MER-A landing, the DOD data were processed. The EDL trajectory was simulated in the navigation software using an exponential atmosphere and varying the coefficient of drag, C d , until the trajectory came close to matching the predicted trajectory developed by the EDL analysts on the NAV team using higher fidelity spacecraft aerodynamic and atmosphere models. In the filtering process the differenced F1 Doppler was added to a truncated approach phase data set, and two parameters were added to the estimation process. The C d of the spacecraft was estimated as a bias parameter with a time varying stochastic component. The stochastic component was added to handle altitude variations in atmospheric density, since C d and ρ are inseparable in this estimation. Additionally, an F1 Doppler bias was estimated to account for individual station clocks at separate complexes having an offset. The assumption was made that the trajectory after parachute deploy is nearly vertical relative to the prior portion so that the latitude and longitude at the parachute deploy time was a reasonable solution. Additional uncertainties were incorporated into the uncertainty of the filter solution to account for ground translation due to steady state winds while on the parachute and translation due to bouncing on the airbags after initial impact. Also, the ellipse was moved 1 km down-track to account for the probable direction of travel. All of these factors were estimated to be about a 4-km total effect on the uncertainty. The final results for the MER-A EDL reconstruction put the lander at -14.563°±2.5 km latitude, 175.459°±1.5 km longitude (3σ), 5 which was approximately 10 km down-track of the nominal target. Further rover positioning using F2 DTE Doppler and twoway UHF Doppler to Mars Odyssey confirmed the EDL result with a more accurate solution of -14.5719°±19.5 m latitude and 175.478°±0.60 m longitude (3σ). Figure 14 -a illustrates the reduction in uncertainty of the MER-A surface position by processing the direct-to-Earth (DTE) DOD data versus relying on the entry state alone and propagating the trajectory through EDL. Figure 14 -b shows the improvement of the surface position estimate when the DTE F2 and UHF Doppler data were processed. The figure also shows that the rover position estimate from the DTE F2 and UHF Doppler data was correct within the stated uncertainties.
The trajectory and filter modeling was refined by the lessons learned in the MER-A reconstruction. Instead of estimating the C d as a bias with a stochastic variation to keep up with density variations in altitude, the MER-B model incorporated a C d profile in the trajectory, based on a nominal trajectory and density profile. This allowed the stochastic estimate of the C d to be used to account for small variations in both C d and density. The MER-B landing site was estimated to be at -1.965°±8.6 km latitude, 354.471°±2.2 km longitude (3σ), which was approximately 24.5 km down-track of the nominal target (Fig. 15) . Further rover positioning using F2 DTE Doppler and F2 UHF Doppler to Mars Odyssey confirmed the EDL result with a more accurate solution of -1.94828±21 m latitude, 354.47417°±0.6 m longitude (3σ). Using DOD data during EDL was very effective in locating the landers within an ellipse approximately 80 km by 40 km down to an accuracy of less than 10 km by 3 km.
V. Determination of Relative Atmospheric Density
Though not required, NAV attempted to make a near real-time determination of the average atmospheric density by comparing the observables from the differenced F1 Doppler to the predicted observables computed from trajectories that modeled positive 3σ and negative 3σ atmospheric column densities. The DOD data were unable to be streamed through ARDVARC in real-time, so an alternate method was developed to process the DOD in nearreal time. A script was developed to automatically difference F1 Doppler from two simultaneous stations and formulate the DOD data. The DOD data were then passed through a predicted trajectory that included an atmosphere of nominal column density. The solution was updated every 5 seconds throughout EDL, providing NAV with a method of evaluating the average atmospheric density for MER-B in near real-time.
The trajectory propagation did not normally include a Martian atmosphere. Thus, a reference trajectory was created from entry until impact that modeled an atmosphere with the best available density profile. When these two trajectories were merged for MER-A, a small discontinuity existed at the boundary, near the time of entry. While normally not a reason for concern, this discontinuity created ringing in the DOD data during descent, which could not be corrected in real-time. Though this experiment did not work properly for MER-A, the lessons learned were applied to MER-B. For MER-B, integrating the trajectory with a much smaller time step and a much higher degree polynomial nearly eliminated the discontinuity and mitigated problems experienced at the boundary. A fourth order polynomial fit of the observed data, along with the predicted DOD signature due to a 3σ high and 3σ low density atmosphere is shown in Figure 16 . American Institute of Aeronautics and Astronautics
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The F1 Doppler cut off near the latest expected time of parachute deploy, and the fourth order polynomial fit of the DOD data showed a trend that was consistent with the average density being lower than the predicted nominal density. However, the noise of the DOD data made it difficult to say whether the average density of the atmosphere was 1σ or 2σ lower than expected. A preliminary reconstruction of EDL showed that the density in the region of the atmosphere near peak deceleration was, indeed, lower than expected. Ref. 6 provides greater detail of the observed atmospheric densities. Given only the DOD and F1 Doppler data, it was possible to make a qualitative assessment that the average density was lower than expected and that the actual landing site was further down-track than predicted. However, it was not possible to determine the density profile throughout the entire descent.
VI. Conclusion
For both MER-A and MER-B, NAV successfully detected all the dynamic events during final approach and EDL using F1 Doppler. The Doppler signature during most of the events allowed for an unambiguous determination that the event had occurred. It was more difficult than expected to determine the Earth aspect angle during and after the turn-to-entry attitude, but a special feature of ARDVARC allowed the NAV team to make a coarse estimate of this angle. Shortly after landing, an estimate of the rover surface position was made by processing the differenced F1 Doppler during EDL. This estimate was accurate to within 10 km using only the differenced F1 Doppler obtained during EDL and estimating for a C d and atmospheric density. The average atmospheric density was difficult to determine using only Doppler data, but for MER-B, NAV was able to assess, in near-real time, that the average atmospheric density was less than expected and that the landing site was further down-track than expected. Figure 16 : Observed DOD data and predicted DOD data as a function of average atmospheric density.
